The aim of the study was to clarify the aging-associated changes in physical performance and energy metabolism in senescence-accelerated prone mouse (SAMP1). The endurance of aged SAMP1 was significantly lower by 28% than the age-matched senescence-resistant mouse (SAMR1). Oxygen consumption and fat oxidation in aged SAMP1 were lower by 19% and 22%, respectively. Peroxisome proliferator-activated receptor-g coactivator-1b and medium-chain acyl coenzyme A dehydrogenase messenger RNA expression was significantly lower in aged SAMP1. Aged SAMP1 exhibited higher plasma glucose, insulin, leptin, and lower adiponectin concentrations. Aged SAMP1 also had higher malondialdehyde levels in plasma and tissues and lower peroxisome proliferator-activated receptor-g messenger RNA and protein levels in adipose tissue. These results indicate that physical performance and energy expenditure decrease earlier with aging in SAMP1, accompanied by decreased fatty acid catabolism in muscle and liver and increased inflammation and oxidative stress in adipose tissue. SAMP1 could thus be a useful accelerated functional depression model for studying physical performance and energy metabolism.
S
KELETAL muscle shrinks with aging in association with a decrease in the size and number of muscle fibers (1, 2) , which contributes to muscle strength weakening (3) (4) (5) . The progressive loss of skeletal muscle and strength is called sarcopenia. The changes in skeletal muscle that occur with aging also cause decreases in the resting metabolic rate and physical activity (6, 7) , leading to a higher prevalence of obesity and obesity-related diseases, such as type 2 diabetes and dyslipidemia (8) (9) (10) .
Skeletal muscle has increased vulnerability to oxidative stress and inflammatory mediators with aging (11) . In particular, mitochondria in aging muscle are susceptible to oxidative stress (12, 13) . Defects in the mitochondrial oxidative capacity in skeletal muscle are implicated in chronic metabolic diseases, such as obesity and diabetes (14) .
Aging also has effects on adipose tissue, which functions to store lipids and as an endocrine tissue by secreting adipokines that have a crucial role in energy homeostasis (15, 16) . Aging upregulates the expression of peroxisome proliferator-activated receptor (PPAR)-g and inflammatory mediators in adipocytes, such as tumor necrosis factor (TNF)-a, interleukin (IL)-6, and monocyte chemotactic protein (MCP)-1, which are involved in impaired glucose uptake and insulin sensitivity (17) (18) (19) .
The senescence-accelerated mouse shows spontaneous aging processes (20) compared with the mice lacking specific genes encoding klotho and A-type lamins (21, 22) . Senescence-accelerated mouse consists of two strains, the senescence-accelerated prone mice (SAMP) and senescence-accelerated resistant mice (SAMR). Compared with SAMR strains, the control strain that ages normally, the SAMP strains show a rapid progression of senescence, higher oxidative stress, decreased behavioral activity, and a shorter median life span (23) (24) (25) (26) . These characteristics observed in SAMP are similar to those observed in humans; therefore, the SAMP strain is considered a useful model for human aging.
SAMP strains might also be useful for studying muscular aging. Hirofuji and colleagues (27) reported reduced tibialis anterior muscle fiber size in 60-week-old SAMP6 compared with age-matched SAMR1. Sakakima and colleagues (28) demonstrated that age-associated morphologic changes in the leg muscles of SAMP1 occur earlier than that in normal Institute of Cancer Research mice. Moreover, Derave and colleagues (29) reported a reduced muscle mass, selective type-II fiber atrophy, and slower contraction speed in the soleus muscle of SAMP8. Thus, there is support for using this model to study skeletal muscle aging.
The aims of the present study were to clarify the characteristics of aging-associated alterations in physical performance, energy metabolism, and plasma metabolic parameters at the individual level as well as the changes in determine running endurance capacity. Mice were run on a treadmill with a 7° incline and adapted to running at 15 m/min for 3 days before the evaluation of endurance.
Running times to exhaustion were measured according to the following program in which we gradually accelerated the speed of the treadmill belt. Mice were run starting at 10 m/min for 10 minutes → 15 m/min for 60 minutes → 20 m/min for 60 minutes → 22 m/min for 60 minutes, and 24 m/min until the mice could not keep running on the treadmill.
Indirect Calorimetry Analysis Under Resting Conditions
Analysis of energy metabolism under resting conditions was performed in mice at 17, 20, 30, and 40 weeks of age using an individual open-circuit indirect calorimeter equipped with an 8-chamber air-tight metabolic cage (Oxymax Equal Flow 8 chamber/Small Subject System; Columbus Instruments, Columbus, OH). Each mouse was placed in the metabolic chamber for 24 hours with free access to diet (CE-2) and water. After acclimating the mice to the chamber, oxygen consumption (VO 2 ) was measured for 24 hours. The respiratory quotient was calculated from the ratio of the consumed oxygen and produced carbon dioxide. Lipid and carbohydrate oxidation are calculated using the equations of Peronnet and colleagues (30) . The details of the methods were described previously (31) . During the measurement, the amount of food ingested was monitored.
Body, Muscle, Fat, and Liver Weight
On the last day of the experiments, the mice were killed and the fat pad weights (epididymal, perirenal, and subcutaneous [sum of inguinal and interscapular]), muscle weight (gastrocnemius, quadriceps, soleus, extensor digitorum longus, and plantaris), and liver weight were measured.
Biochemical Analysis
On the last day of the experiments, blood was collected from anesthetized mice in the nonfasting condition via the postcaval vein. Plasma glucose, triglyceride, nonesterified fatty acid (NEFA), glutamate oxaloacetate transaminase (GOT), and glutamic pyruvic transaminase (GPT) concentrations were measured using Glucose CII test, the Triglyceride E-test, NEFA C-test, GOT, and GPT assay kits (Wako, Osaka, Japan), respectively. Plasma insulin and leptin levels were measured using mouse insulin and leptin enzyme immunoassay kits (Morinaga, Yokohama, Japan), respectively. Plasma insulin-like growth factor (IGF)-1 levels were measured using a mouse IGF-1 immunoassay kit (R&D Systems Inc., Minneapolis, MN). Plasma adiponectin levels were analyzed using a mouse adiponectin enzyme-linked immunosorbent assay kit (Otsuka, Tokyo, Japan). fatty acid catabolism in the muscle and liver, energy metabolism-related messenger RNA (mRNA) expression in the muscle, and inflammation-related mRNA expression in the adipose tissue in SAMP1. The findings from this study will help to clarify the usefulness of SAMP1 as an accelerated functional depression model for studying physical performance and energy metabolism.
Materials and Methods

Experimental Animals and Diets
SAMR1 and SAMP1 (7 and 13 weeks of age) were purchased from Japan SLC, Inc. (Hamamatsu, Japan). All mice were individually housed in plastic cages (175 × 245 × 125 mm) with a nest box (Shepherd Specialty Papers, Watertown, TN) under controlled conditions: temperature (23 ± 2°C), humidity (55% ± 10%), and lighting (lights on from 0700 to 1900). The mice were allowed free access to drinking water and a standard diet (CE-2; CLEA Japan, Inc., Tokyo, Japan) for maintenance. During the experiments, the animals were cared for in the Experimental Animal Facility of Kao Tochigi Institute. The Animal Care Committee of Kao Tochigi Institute approved the present study. All experiments strictly followed the guidelines set forth by this committee.
Experimental Procedures
A schematic representation of the flow of the experiments is shown in Figure 1 . To reduce the inherent variation, 8 mice of 20 of each strain were selected by excluding mice with a body weight 7% heavier or lighter than the average and self-injurious mice. At 17, 30, and 40 weeks of age, the running times of the mice were evaluated. Energy metabolism measurements were performed using indirect calorimetry at 17, 20, 30, and 40 weeks of age. On the final day of the experiment (at 48 weeks of age), mice were killed and tissues were harvested for subsequent analyses. To compare young and aged SAMR1 and SAMP1, 8-week-old male SAMR1 and SAMP1 were also examined.
Running Exercise and Evaluation of Endurance
A 10-lane motorized rodent treadmill (MK-680; Muromachi Kikai Co. Ltd., Tokyo, Japan) was used to
Contractile Force of Soleus Muscle Induced by Electrical Stimulation
Muscle force measurements were performed as previously described (32, 33) . The soleus muscle of the right leg was quickly isolated. The muscle was anchored horizontally between two hooks, one fixed and one attached to an isometric force transducer (World Precision Instruments, Inc., Sarasota, FL) and immersed in a Krebs solution comprising 119.7 mM NaCl, 4.5 mM KCl, 0.5 mM MgCl 2 , 0.7 mM Na 2 HPO 4 , 1.5 mM NaH 2 PO 4 , 15.0 mM NaHCO 3 , 2.5 mM CaCl 2 , and 10.0 mM D-glucose; pH 7.3 ± 0.1. The solution was continuously bubbled with 95% O 2 /5% CO 2 at 37°C. The muscle was electrically stimulated with a stimulus isolation unit (SEN-3301; NIHON KOHDEN, Tokyo, Japan), and the optimal length was determined by twitch stimulation. Thereafter, tetanus responses were induced with a 0.2 ms pulse (140 Hz) for 330 ms once every 2 seconds and were digitally recorded for 2 minutes using a bridge amplifier and data acquisition systems (Quad-16I; World Precision Instruments, Inc.). Data were analyzed by a DATA-TRAX (World Precision Instruments, Inc.). The maximal isometric tetanic force (P 0 ) during the twitch was measured and normalized with each muscle weight. The half relaxation time (1/2RT) during tetanus responses, defined as the time taken for tension to decrease to 50% that of P 0 , was determined.
Malondialdehyde Measurement
Plasma malondialdehyde (MDA) levels were measured by MDA standards using an OXI-TEK TBARS Assay kit (ALEXIS, Lausen, Switzerland) according to the manufacturer's instructions. The tissue MDA levels were measured as described previously (34) . Briefly, gastrocnemius muscle and epididymal fat were homogenized on ice with a Physcotron homogenizer (NS-310E; Microtech, Chiba, Japan) in 50 mM Tris-HCl (pH 7.4) containing 1.15% KCl and then centrifuged at 600g for 15 minutes at 4°C. The resultant supernatant was used for the assays. Protein concentration was determined using a BCA protein assay kit (Pierce Chemical, Rockford, IL).
Fatty Acid b-Oxidation Activity Measurement
Fatty acid b-oxidation activity was measured as described previously (35) . Briefly, frozen liver, gastrocnemius, and soleus muscle from nonfasted anesthetized mice were thawed and homogenized on ice using a Physcotron homogenizer (Microtech) in 250 mM sucrose and 1 mM EDTA in 10 mM HEPES (pH 7.2). Subcellular debris was removed by centrifugation at 600g for 5 minutes, and the resulting supernatants were used in the assays. Fatty acid b-oxidation activity was measured using [1-14 C]-palmitic acid as a substrate. Values were expressed as percentages using the value of liver in 8-week-old SAMR1 as 100%.
Western Blot Analysis
Epididymal fat was homogenized and lysed in 10 mM Tris (pH 7.4), 50 mM NaCl, 30 mM sodium pyrophosphate containing protease inhibitor cocktail (Sigma Chemical Co., St. Louis, MO), phosphatase inhibitor cocktail-1, and phosphatase inhibitor cocktail-2 (Sigma) on ice using a Physcotron homogenizer. The samples were kept on ice for 15 minutes. After centrifugation at 12,000g for 15 minutes at 4°C, the supernatants were removed, and their protein concentrations were determined using a BCA protein assay kit (Pierce). Equal amounts of protein were boiled at 95°C for 5 minutes in Laemmli buffer, and protein extracts were separated by sodium dodecyl sulfate-polyaclylamide gel electrophoresis and transferred to Immobilon polyvinylidene transfer membranes. The membranes were stained with Ponceau S (Sigma) to verify equal transfer of proteins to the membrane in each lane. The membranes were blocked with 5% nonfat milk in TBS-T (Tris-buffered saline containing 0.1% Tween 20) at room temperature for 1 hour and incubated overnight with anti-PPARg (Santa Cruz Biochemical, Santa Cruz, CA) or anti-b-actin (Cell Signaling, Beverly, MA) primary antibodies. After washing with TBS-T, the membranes were incubated with horseradish peroxidase-labeled antirabbit immunoglobulin (Cell Signaling) as a secondary antibody. Blots were visualized with Enhanced Chemiluminescence plus reagent (GE Healthcare, Buckinghamshire, UK) and a ChemiDoc XRS imaging system (Bio-Rad Laboratories, Hercules, CA).
RNA Extraction and Reverse Transcription-Polymerase Chain Reaction
Total RNA was isolated from frozen gastrocnemius and adipose tissues using ISOGEN (Wako) according to the manufacturer's instruction. Reverse transcription was performed with oligo d(T)18. The mRNA expression levels in the muscle and adipose tissue were detected by real-time polymerase chain reaction with SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA) as described previously (36) . The mRNA level was calculated relative to the 36B4 level. Normalized values were expressed as a percentage using the value of 8-week-old SAMR1 as 100%. The primer sequences used for the real-time polymerase chain reaction are shown in Table 1 .
Statistical Analysis
All values are presented as means ± SE. Statistical analysis was conducted using the StatView software package (SAS Institute Inc., Cary, NC). Results were analyzed with post hoc Tukey's tests. Two-way repeated measures analysis of variance and unpaired Student's t test were used for the results of endurance capacity and indirect calorimetry. An unpaired Student's t test was used to analyze the differences in the PPARg protein levels. Results with p values of less than .05 were considered statistically significant. SAMP1 were 30% higher compared with SAMR1 (Table 3) . Plasma insulin and leptin levels were significantly increased with age, and their levels in 48-week-old SAMP1 were 87% and 56% higher, respectively, compared with SAMR1, suggesting that SAMP1 exhibit the senescence-associated insulin resistance and leptin resistance. On the other hand, adiponectin decreased with age only in SAMP1, and its concentration in 48-week-old SAMP1 was 26% lower than that in SAMR1. IGF-1 levels increased with age in SAMR1 such that IGF-1 levels in 48-week-old SAMP1 were significantly lower than in SAMR1. GOT and GPT levels increased only in SAMP1, and their levels in 48-week-old SAMP1 were significantly higher by 52% (GOT) and 104% (GPT) than those in SAMR1.
Decrease in Running Endurance Capacity With Aging in SAMP1
Running time to exhaustion of each strain at 17, 30, and 40 weeks of age is shown in Figure 2 . The decrease in running endurance capacity with aging was significantly greater in SAMP1 than in SAMR1 (p < .0001, two-way repeated measures analysis of variance). The running times of 40-week-old SAMP1 and SAMR1 decreased by 30% and 13%, respectively, compared with the initial time in each strain, and the running times of 40-week-old SAMP1
Results
Body Weight, Muscle, and Fat Weights in SAMP1
Body weight and tissue weights are shown in Table 2 . The weights of gastrocnemius, quadriceps, and plantaris muscles did not change with age in SAMP1, whereas they increased in SAMR1. Quadriceps and soleus muscle weights in 48-week-old SAMP1 were significantly lower than those in the age-matched SAMR1. Gastrocnemius and plantaris muscle weights in SAMP1 were significantly lower than those in SAMR1 both 8 and 48 weeks of age. The amount of subcutaneous fat significantly increased with age in both strains and that in 48-week-old SAMP1 was significantly larger than that of age-matched SAMR1. No differences were observed in epididymal fat, perirenal fat, and brown adipose tissue mass between the strains, although the values increased with age. Body weight did not differ significantly between the strains at 8 and 48 weeks of age.
Blood Profile in SAMP1
The plasma glucose concentration was significantly increased only in SAMP1, and glucose levels in 48-week-old 30 and 40 weeks was significantly lower by 14% and 19%, respectively, than in the age-matched SAMR1. The respiratory quotient was equivalent between the two strains ( Figure 3B ). Fat oxidation calculated by oxygen consumption and respiratory quotient significantly increased in SAMR1 with aging, whereas it was not different from the initial level in SAMP1. Fat oxidation was significantly lower in SAMP1 than in SAMR1 (p < .05, two-way repeated measures analysis of variance), and fat oxidation in 40-week-old SAMP1 was significantly lower by 22% than that in SAMR1 ( Figure  3C ). Carbohydrate oxidation significantly decreased in SAMR1 and SAMP1 by 42% and 52%, respectively, with aging compared with the initial levels in each strain, but there was no difference between the strains ( Figure 3D ).
Malondialdehyde
Plasma MDA levels were significantly higher in 48-weekold SAMP1 than in SAMR1 (Table 5 ). The MDA levels in muscle adipose tissues were also significantly higher in 48-week-old SAMP1 than in SAMR1. These findings suggest that aged SAMP1 have higher oxidative stress at the whole body and tissue level.
b-Oxidation Activity in Liver, Soleus, and Gastrocnemius Muscle in Aged SAMP1
The b-oxidation activity in the liver, soleus, and gastrocnemius muscles in 48-week-old SAMP1 decreased by 30%, 31%, and 35%, respectively, compared with those in 8-week-old SAMP1, whereas there were no significant were 28% lower (p < .05, unpaired t test) compared with the age-matched SAMR1.
Maximal Tetanic Force and Half-Relaxation Time of Soleus Muscle in SAMP1
The maximal tetanic force (P0) and relative force (P0/mg muscle weight) significantly decreased with age in SAMP1 (Table 4 ). There were no strain differences in P0 and relative force.
Decrease in Energy Metabolism With Aging in SAMP1
To evaluate the metabolic differences between SAMP1 and SAMR1 and the effect of aging on energy metabolism at the individual level, oxygen consumption and respiratory quotient were measured by indirect calorimetry. Oxygen consumption significantly decreased with aging only in 40-week-old SAMP1, and the oxygen consumption of SAMP1 and SAMR1 decreased by 25% and 9%, respectively, compared with the initial levels in each strain ( Figure 3A ). In addition, oxygen consumption in SAMP1 was significantly lower than that in SAMR1 (p < .05, two-way repeated measures analysis of variance) and that in SAMP1 at the age of 
Gene Expression of Differentiation-and InflammationRelated Molecules and PPARg Protein Levels in the Epididymal Fat in SAMP1
PPARg, C/EBPa, and aP2 mRNA expressions, markers of adipocyte differentiation, were significantly decreased in SAMP1 with aging ( Figures 6A-C) . Moreover, PPARg mRNA expression in 48-week-old SAMP1 was significantly lower than that in SAMR1. The mRNA levels of MCP-1 and IL-6, which are involved in inflammation, increased with aging in both SAMP1 and SAMR1 ( Figures 6D  and E) . In addition, MCP-1 and IL-6 mRNA expressions in 48-week-old SAMP1 were significantly greater than those in the SAMR1 (Figures 6D and E) . TNF-a mRNA expression significantly increased in SAMP1 with aging and was significantly higher in 48-week-old SAMP1 compared with the age-matched SAMR1 ( Figure 6F ). We also examined the PPARg protein levels in epididymal fat. Consistent with differences in SAMR1. The b-oxidation activities in these tissues in 48-week-old SAMP1 were significantly lower by 18%, 29%, and 27%, respectively, than those in the agematched SAMR1 (Figure 4 ).
PGC-1 and MCAD mRNA Expression in Gastrocnemius Muscle in SAMP1
Peroxisome proliferator-activated receptor-g coactivator (PGC)-1a mRNA expression in 48-week-old SAMP1 tended to be higher than that in SAMR1, but the difference was not significant ( Figure 5A ). On the other hand, PGC-1b mRNA expression in gastrocnemius muscle of SAMP1 significantly decreased with aging, whereas such a decrease was not seen in SAMR1 ( Figure 5B ). PGC-1b mRNA expression in the gastrocnemius muscle in 48-week-old SAMP1 was significantly lower than that in the age-matched SAMR1 ( Figure 5B ). Furthermore, medium-chain acylcoenzyme A dehydrogenase (MCAD) mRNA expression significantly decreased with aging in the gastrocnemius muscle of only SAMP1 and that in 48-week-old SAMP1 was significantly lower compared with SAMR1 ( Figure 5C ). the mRNA levels, adipose tissue in aged SAMP1 contained lower PPARg protein levels ( Figure 6G ).
Discussion
The purpose of this study was to clarify the aging-associated alterations in physical performance and energy metabolism in SAMP1 at the individual and molecular levels. SAMP1 showed a marked aging-associated decline in endurance capacity, oxygen consumption, and fat oxidation in association with decreased fatty acid b-oxidation due to decreased expression of energy metabolism-related genes in muscle. Furthermore, SAMP1 exhibited higher insulin and leptin, lower adiponectin levels, and a higher expression of inflammation-related genes in adipose tissue. Considering that it generally takes 19-23 months to show aging phenomena such as decreased oxygen consumption and physical activity (36, 37) , the SAMP1 strain with its faster aging process could be a useful accelerated functional depression model for studying physical performance and energy metabolism in aging.
Muscle mass in the gastrocnemius, quadriceps, plantaris, and soleus muscle was significantly lower in aged SAMP1 than in SAMR1, although the muscle mass was similar between young and aged SAMP1. Sakakima and colleagues (28) reported that muscle mass significantly decreased in SAMP1 from 24 to 56 weeks of age, which is characteristic of sarcopenia. It is not known, however, whether the lower muscle mass in SAMP1 in this study was caused by sarcopenia or by slower growth because we had measured muscle mass at only two time points (8 and 48 weeks) and were not able to determine the peak time point. The lower muscle mass in SAMP1 could be partly explained by changes in the levels of insulin and IGF-1, which dynamically regulate muscle protein synthesis (38) (39) (40) . Plasma IGF-1 levels in SAMP1 were significantly lower than those in SAMR1 at the age of 48 weeks. In addition, plasma glucose and insulin levels were higher in SAMP1, suggesting the development of insulin resistance, a metabolic condition in which insulin signaling is impaired. Muscle hypertrophy is induced by higher levels of IGF-1 (41) . In contrast, insulin resistance causes muscle wasting through the suppression of phosphatidylinositol 3-kinase/Akt signaling (40) . These results suggest that the lower muscle mass in aged SAMP1 might be due, at least in part, to the attenuation of insulin/IGF-1 signaling. Further studies are needed, however, to evaluate the potential contribution of decreased IGF-1 to the regulation of muscle mass in SAMP1. In contractile force analysis, 48-week-old SAMP1 had a significant lower maximal tetanic force compared with SAMR1. A recent report showed that oxidative stress impairs muscle contraction through the carbonylation in Ca 2+ -ATPase protein (42) . In the present study, we showed that SAMP1 had higher oxidative stress, measured as MDA in the muscle ( Table 5 ), suggesting that the attenuated contractile force might be due to higher oxidative stress in SAMP1.
The endurance capacity of SAMP1 significantly decreased with aging compared with SAMR1. Moreover, oxygen consumption in SAMP1 was significantly lower than that in SAMR1. During endurance exercise, muscle utilizes fatty acids and glucose as the main energy sources (43) . Enhanced fatty acid oxidation is reported to improve endurance capacity by sparing glycogen (44, 45) . Our previous study showed that a high-endurance mouse strain has higher fatty acid oxidation levels than a low-endurance mouse strain (46) . In aged SAMP1, the significant decrease in fat utilization might partly contribute to the decreased endurance.
In this study, SAMP1 exhibited a significant decrease in PGC-1b and MCAD mRNA levels in the gastrocnemius muscle, as reported in SAMP8 (47) . The impact of PGC-1b Figure 6 . PPARg, C/EBPa, aP2, monocyte chemotactic protein (MCP)-1, interleukin (IL)-6, and tumor necrosis factor (TNF)-a messenger RNA (mRNA) expression and PPARg protein level in epididymal fat. The epididymal fat was dissected from SAMP1 and SAMR1 on the final day of the experiment (at 8 and 48 weeks of age). The mRNA level is expressed as a percentage of the value in 8-week-old SAMR1 (A-F). Values are means ± SE of eight mice. *p < .05, significant difference between the strain-matched young and aged mice by post hoc Tukey's test. † p < .05, significant difference between the age-matched SAMP1 and SAMR1 by post hoc Tukey's test. To evaluate the PPARg protein level, tissue lysates from aged mice were prepared and subjected to Western blot analysis (G). Values are presented as means ± SE of eight mice. *p < .05, significant difference between the 48-week-old SAMR1 and SAMP1 by unpaired t test.
on lipid oxidation is clearly demonstrated in PGC-1b transgenic mice in which enhanced expression level of muscle PGC-1b induces increased MCAD mRNA expression, leading to the higher muscle b-oxidation activity and energy expenditure (48) . In addition, elevated PGC-1b expression inhibits muscle degradation in vivo and in vitro (49) . These findings suggest that the lower muscular b-oxidation activity and the resultant lower endurance capacity in aged SAMP1 may be partly due to the reduced expression of PGC-1b in the skeletal muscle. Sakakima and colleagues (28) showed that cross-sectional area of type-I fibers (oxidative fiber) significantly decreases in gastrocnemius and soleus muscle of aged SAMP1, which might be partly related to the lower fatty acid b-oxidation in the muscles, fat oxidation, and endurance capacity at the individual level.
Recent studies of the hormones leptin and adiponectin have highlighted the role of adipocytes as a storage depot for energy as well as an endocrine organ with multiple metabolic functions in the fundamental regulation at the whole body level, such as stimulating energy metabolism and ameliorating insulin resistance (34) . Another recent report shows that adiponectin expressed in muscle is associated with muscle fiber phenotype and tetanic force (50) . Remarkably, SAMP1 had the higher plasma leptin levels, lower adiponectin levels, and hyperglycemia, indicating that metabolic disturbances occur faster in SAMP1 with aging. Aging-associated alteration in these adipokine levels might be partly related to the decrease in energy expenditure and muscle strength.
Accumulating evidence demonstrates that aging, obesity, and diabetes are closely associated with higher oxidative stress both in serum and in adipose tissue (51, 52) . Oxidative stress, which is inversely correlated with plasma adiponectin level, suppresses both the transcription and the secretion of adiponectin in cultured adipocytes (51) . Recently, adenovirusmediated adiponectin expression was reported to prevent steatohepatitis progression by attenuating oxidative stress (53) . In the present study, oxidative stress determined as MDA was significantly higher in plasma, muscle, and adipose tissues in SAMP1, which is consistent with previous reports showing higher oxidative stress in various tissues of SAMP (54) (55) (56) . Moreover, we showed that aged SAMP1 have significantly lower serum adiponectin levels. These results suggest that lower adiponectin levels might be related to the aging-associated increase in oxidative stress in SAMP1.
Of more interest is the observation that SAMP1 adipose tissue shows aging-associated alterations in mRNA levels of PPARg, C/EBPa, and aP2, which are markers of adipocyte differentiation (57, 58) . Adipose tissue of aged SAMP1 contained lower PPARg protein levels compared with that of SAMR1, consistent with previous findings that PPARg protein levels are significantly decreased in aged rats (59) . PPARg interacts with oxidative stress, and oxidative stress suppresses PPARg mRNA expression in adipocytes (51).
Conversely, PPARg activation diminishes oxidative stress by suppressing reactive oxygen species production determined by rates of dichlorofluorescein in cultured adipocytes (60). The lower PPARg expression level in adipocytes from aged SAMP1 might lead to an aging-associated increase in oxidative stress and inflammation.
PPARg suppresses inflammation and improves insulin sensitivity (61) . Adipose tissue from old mice has significantly higher mRNA expression of proinflammatory cytokines and lower mRNA expression of PPAR-g (62) . The mRNA expression of TNF-a, IL-6, and MCP-1, all of which attenuate insulin sensitivity (63) (64) (65) , is increased with aging, especially in SAMP1. The overall findings of the present study suggest that oxidative stress and inflammation induced by the lower levels of adiponectin and anti-inflammatory PPAR-g expression and the higher expression levels of proinflammatory cytokines contribute to the development of insulin resistance with aging in SAMP1. Furthermore, based on the fact that excessive oxidative stress impairs physical capacity and muscle properties (66, 67) , higher oxidative stress and inflammation in SAMP1 might also influence physical capacity and muscle contractile force. Further studies are needed to clarify the detailed role of PPARg in adipose tissue on muscle function during oxidative stress.
In summary, we demonstrated that physical performance and energy metabolism decrease earlier with aging in SAMP1 than in SAMR1, in association with a decrease in fatty acid catabolism in the muscle and liver and an increase in the expression of inflammatory molecules in the adipose tissue. These findings indicate that SAMP1 could be a useful accelerated functional depression model for studying physical performance and energy metabolism with advancing aging.
